We have developed a simple, yet highly effective and reliable, poly(dimethylsiloxane) (PDMS) transfer method to fabricate highly dense and well-aligned CdS nanowires on silica substrates, following DNA templates. CdS nanoparticles are selectively deposited and confined on DNA strings aligned on a PDMS sheet to form CdS nanowires. The nanowires are then transferred to the substrate with a low occurrence of parasitic CdS nanoparticles. The mapping of elements in the nanowires by scanning Auger electron spectroscopy reveals the dense distribution of Cd and S elements along DNA scaffolds. The width and length of the nanowires can be controlled by adjusting the incubation time on the PDMS sheet. Atomic force microscopy and field emission scanning electron microscopy show that the height and width of the nanowires reach 45 and 77 nm, respectively, after 72 h of growth. The nanowire can continuously stretch over 10 µm after 96 h of incubation. The method is easily replicable, and controllable, which makes it promising for building nanophotoelectronic devices and nanosensors.
Introduction
A significant challenge in integrating nanoscale building blocks into functional nanodevices or circuits is finding parallel, cost-effective, and simple methods of assembling these components. Because of the unique intramolecular and intermolecular recognition properties, special chemical structure, and mechanical rigidness of DNA, 1 DNA was proposed as a template to assemble simple and individual nanocomponents into complex devices or large-scale functional circuits. The "bottom-up" strategy using DNA templates for fabrication of nanopatterns has attracted much research interest and has been extensively investigated recently. [2] [3] [4] [5] [6] [7] [8] On the basis of the interesting properties of DNA, various geometrical shapes were synthesized such as the "Y" type, 9 squares, 10, 11 and cubes, 12 which are particularly useful in the construction of complex large-scale circuits. More complex three-dimensional shapes 13 such as the octohedra 14 and tetrahedra 15 were also hierarchically self assembled. However, DNA is insulating, [16] [17] [18] except in some particular cases such as short strands (<10 nm) with specific sequences, 19-22 which makes it necessary to mineralize DNA. Therefore, various nanowires or nanochains were synthesized on the basis of DNA scaffolds, including metallic copper, 23 palladium, 3, [24] [25] [26] platinum, 27 gold, 4, 5, 28 and silver 2, 29 nanowires and semiconducting CdSe, 30 CuS, 31 CdSe/ZnS, 32 and CdS nanowires. 6, [33] [34] [35] [36] [37] In general, two methods are usually used in the synthesis of DNA-templated nanowires. One is the solution-suspended DNA method, and the other is the substrate-immobilized DNA method. In the first method, the cations are first attached to the DNA template then reduced (or reacted with the anions) to form nanowires on DNA in solution. 36 However, the nanowires are frequently coiled and cross-linked 3 in the solution, which make it difficult to align nanowires properly onto the substrates for further fabrication of nanodevices and nanosensors. In the second method, DNA is first aligned on the substrates, and then the substrates are placed into the cation solution to grow nanowires. 24 However, many parasitic nanoparticles are frequently formed in adjacent areas around DNA-templated nanowires. 2, 33 Clearly, further investigation is needed to explore the synthesis of well-aligned nanowires using DNA templates. In this study, we developed a poly(dimethylsiloxane) (PDMS) transfer method to fabricate CdS nanowires. Figure 1 shows the schematic procedures of this method. Combining the alignment of DNA on a PDMS sheet and the formation of CdS nanowires in solution, well-aligned and dense nanowires can be readily transferred to other substrates. Besides the advantage of requiring no additional substrate surface modification, we can easily control the size and morphology of these nanowires by adjusting incubation time. Moreover, because a PDMS sheet is not reactive to the mineralization process of DNA because of its hydrophobic and inert surface, 38 most CdS nanoparticles can be selectively deposited only on the DNA scaffolds, and the parasitic nanoparticles on the surface can be dramatically minimized. 2. Instruments. Fluorescent images were scanned with a confocal laser scanning microscope (Zeiss LSM510 Meta). Atomic force microscope (AFM) images were collected under a dynamic force microscope (DFM) mode on a SPA 300HV microscope (Seiko Instruments, Inc.). The samples were also observed with a field emission scanning electron microscope (FESEM, Raith e_Line, Germany), and high-resolution transmission microscopy (HRTEM) was performed using a JEM-2010 microscope (JOEL, Japan). All auger data were collected with a field emission auger microprobe JAMP-9500F (JEOL) at the Alberta Centre for Surface Engineering and Science (ACSES, Canada). UV irradiation of 260 nm was provided by a UV lamp, with a power of 18W (ShangHai Anting Scientific Instrument Factory).
Experimental
3. Preparation and Characterization of Samples. DNA Stain Experiment. λ-DNA and YOYO-1 were diluted and mixed into 50 µL of solution with a 1 × TE buffer, and the final concentrations were 4.5 ng µL -1 and 2.8 µM, respectively. The stoichiometric ratio of the DNA base pair versus YOYO-1 was 5:1 in the mixture solution. The mixture was incubated for 90 min at 4°C in the dark before use. After incubation, the stained λ-DNA was combed onto a PDMS sheet (Figure 1 ). The combed DNA strings on PDMS were transferred onto quartz or mica substrates and then used as the samples for fluorescent microscopy and AFM measurement.
Preparation of PDMS. Sylgard 184 silicone elastomer was used in the experiment. The mixture gel was prepared by mixing the base with the curing agent at a volume ratio of 10:1, while stirring softly. Then the mixture was poured onto a fresh clean silicon substrate in a glass container and stood for 1 h until the air bubbles dispersed. After that, the mixture on the silicon substrate was baked on a hot plate at 150°C for 10 min. The PDMS was uncovered from the silicon and the side in contact with the silicon was used.
Combing Stained DNA onto PDMS. A droplet solution of 7 µL of 4.5ng µL -1 λ-DNA prestained with YOYO-1 was deposited on a PDMS sheet, and then this droplet was driven by a pipet tip at a speed of about 1m ms -1 in one certain direction. The surface tension at the water-air interface stretched DNA molecules onto the PDMS sheet. Repeating the last process on the whole PDMS sheet, we aligned DNA extensively onto the whole PDMS sheet.
General Route for the Synthesis of DNA-Templated CdS Nanowire on a Substrate. A 10 ng µL -1 λ-DNA solution was prepared by diluting the 0.3 mg mL -1 λ-DNA stock solution. Cadmium perchlorate (30 mM) and 30 mM thioacetamide (TAA) were also prepared by dissolving appropriate amounts of chemical agents in 18.2 MΩ cm Milli-Q water and stirring strongly using a vortex mixer. As shown in Figure 1 , first the 10 ng µL -1 λ-DNA was used to comb the DNA onto the PDMS sheet. Second, the PDMS sheet was submerged in the reaction solution containing 400 µL of a 30 mM Cd 2+ solution, 2 mL of ethanol, and 800 µL of Milli-Q water in a small cuvette covered by a piece of clean quartz. After 24 h standing at 4°C, 800 µL of 30 mM TAA was added to the reaction solution. Meanwhile, the cuvette was directly placed under 260 nm UV radiation for different irradiation times at room temperature and under ambient pressure. The distance between the sample and lamp is about 1 cm. Third, the CdS nanowires on the PDMS sheet were transferred onto other substrates for FESEM, AFM, and other surface analysis.
Preparation of Samples for HRTEM Studies and Energy DispersiWe X-ray Analysis. In the first step, 400 µL of 100 ng µL -1 λ-DNA was incubated with 400 µL of 30 mM Cd
2+
, 400 µL of Milli-Q water and 2000 µL of ethanol for 24 h in a glass cuvette. In the second step, 800 µL of 30 mM TAA was added to the mixture, and the cuvette was placed under 260 nm UV radiation for 6 h. In the final step, enough reaction product was added onto copper grids with thin carbon films to complete HRTEM studies.
Results and Discussion
To confirm unidirectional alignment of DNA on PDMS sheets, we first stained DNA with YOYO-1 and aligned the DNA on a PDMS sheet using combing technology; then, the DNA was transferred onto a quartz wafer by the transfer method. The detailed description of the process can be found in the Experimental Section. Figure 2a shows a typical fluorescent image of DNA transferred from a PDMS sheet to a clean quartz wafer. As shown, most DNA strings can be well-aligned unidirectionally on a PDMS substrate. These stained DNAs were also transferred onto a freshly cleaved mica surface, and the corresponding topology of very straight and highly aligned DNA was observed by AFM Figure 2b) . The results demonstrated that the DNA can be readily aligned on the surface of a PDMS sheet along one certain direction without adjusting the Mg 2+ concentration, 24 and pH 39 as well as without any surface modifications. [40] [41] [42] Furthermore, we found that the DNA could stick firmly onto the PDMS substrate, resulting in a low incidence of detachment and distortion of DNA when the PDMS sheet was immersed into a salt solution. This characteristic can ensure the success of the following mineralization procedure of formation of CdS nanowires along the combed DNA on a PDMS surface in a Cd 2+ solution. Figure 3 illustrates FESEM and AFM images of typical homogeneous well-aligned nanowire patterns from transferring the DNA-templated nanowires on a PDMS sheet to the silica substrate. The nanowires were fabricated by incubating DNA templates in the cadmium perchlorate solution for 24 h and then with thioacetamide (TAA) for 72 h under UV irradiation at room temperature and ambient pressure. As compared to the previous report, 33 our PDMS transfer method used to fabricate CdS nanowires with DNA templates has apparent advantages. First, the formation of nanowires is well-aligned, thick, and quite uniform. The width and height of these nanowires approaches 77 and 45 nm, respectively (Figure 3b,e, respectively) . Additionally, the size of the nanowires can also be easily controlled through incubation time (this point will be discussed in more details later in the paper). Second, most of the CdS are selectively deposited and confined only to DNA backbones, and there are very few parasitic CdS nanoparticles in a large area on the substrate (Figure 3a) . We used the quantitative approach described by Becerril et al. 43 to estimate the number of the parasitic nanoparticles ( Figure S1 of the Supporting Information). In the cases of the 72 and 96 h incubation times, the number of parasitic nanoparticles is only 0.2 and 0.5 per µm 2 , respectively. This can be attributed to the hydrophobic and inactive surface of the PDMS sheet. 38 Third, our method also has very high reproducibility and yield. For example, multiple synthesis experiments under identical conditions have been performed and almost the same sizes and morphologies of the nanowires were obtained. These well-aligned CdS nanowires could also be fabricated in a very large area on the substrates. For instance, the uniform CdS nanowires could be observed in approximately a 75 µm × 55 µm area by FESEM ( Figure S2 of the Supporting Information). Moreover, the nanowires synthesized on the PDMS sheet could also be readily transferred to other substrates such as silicon and silicon dioxide. The process of the PDMS transfer method has some important features: (1) It is crucial to keep the PDMS surface and substrate dry enough to reduce the chance that parasitic nanoparticles stick onto the substrate. (2) Different substrates have different adhesive forces for nanowires, which can affect the directional alignment of these nanowires. On the basis of our experimental results, the CdS nanowire has stronger adhesion to a silicon substrate than to a silicon dioxide substrate. (3) The strain, originated from the press force of PDMS during the transfer process, may result in the fragmentation of nanowires. These features can be further optimized to obtain well-aligned and continuous nanowires.
The chemical composition and element mapping of the nanowires were determined by auger electron spectroscopy (AES) and scanning auger electron spectroscopy (SAES), respectively. In Figure 4 , curve 1 and curve 2 are AES results obtained from the substrate and the nanowires, respectively. Obviously, there are only peaks of Si, O, and C in curve 1, which come from the silica substrate. However, two new auger electron peaks, S LVV around 146.5 eV and Cd MNN around 371.2 eV, occur in curve 2, indicating that the nanowires are really composed of Cd and S elements. Mappings of S and Cd elements in nanowires are shown in panels b and c of Figure 5 , and the corresponding FESEM image is shown in Figure 5a . The images show that most of S and Cd are densely distributed along DNA strings and not elsewhere on the substrates, which further confirm that CdS clusters were deposited only on the DNA scaffolds. To our knowledge, this is the first time that the chemical composition of nanowires has been analyzed directly using SAES method, which can give credible results.
From Figure 3a , one can see that a thick CdS nanowire was formed from the assembly of many nanoparticles. TEM was used to investigate the structure of these nanowires and nanoparticles. In order to prepare the sample suitable for TEM observation, we exploited the solution-suspended DNA method to synthesize the CdS nanowires. Using this method, we found that the morphology of the nanowire was greatly influenced by the molar ratio of Cd 2+ to DNA. Generally, the nanowires were coiled and cross-linked (Figure 6a) , and the higher the ratio, the more the nanoparticles agglomerated ( Figure S3 of the Supporting Information). This behavior may be attributed to the coiled DNA string in the solution and the electrostatic interactions between the CdS nanoparticles without electrostatic balance. Comparing Figure 6a with Figure 3a , we believe that our PDMS transfer method can overcome the aggregation of the nanowires and obtain highly aligned nanowires. Figure 6b shows a magnified TEM image of CdS nanowires. It shows that the nanowires are composed of a large quantity of CdS nanocrystals. From the SAED image (Figure 6c ), a series of d-spacing parameters, 3.57, 2.12, and 1.86 Å indexed in the (100), (110), and (103) planes of CdS, can be observed in the nanocrystals, indicating its hexagonal primitive-type structure (JCPDS 80-0006). The plane with the d-spacing of 3.56 Å was also observed in the HRTEM image shown in Figure 6d . At the same time, the P element signal, which originates from the phosphate groups of DNA, can be found from the nanowires by energy dispersive X-ray (EDX) spectroscopy ( Figure S4 of the Supporting Information). This result further confirmed that CdS nanowires grew along a DNA backbone.
The size and the morphology of synthesized nanowires can be readily controlled by varying the incubation time in our PDMS transfer method. We prepared the nanowires under various incubation times ranging from 6 to 96 h (not including the 24 h required to mix the DNA with Cd 2+ to form the DNA-Cd 2+ complex). The changes in size and morphology of CdS nanowires after 6, 12, 24, 48, 72, and 96 h incubation have been extensively characterized by FESEM, and the results are shown in Figure 7 . As shown, when the incubation time was less than 12 h, the nanowires were not formed, and they demonstrated only chain-like structures (Figure 7a,b) . As the incubation time increased, the morphologies of the nanowires gradually changed from coarse and discontinuous to a continuous shape (Figure 7a-f) . It should be noted that the longer incubation time did not increase the amount of parasitic CdS clusters on the surface. The result shows that the hydrophobic PDMS surface reliably excludes CdS deposition irrespective to incubation time.
The mean width and maximum length of nanowires growing under the various incubation times are plotted in Figure 8 ( Figure  S5 of the Supporting Information). The data are estimated on the basis of the FESEM images for all samples collected. The results actually reflect the morphological quality of the nanowires. (Note that the maximum length is unavailable in the cases of 6 and 12 h incubation because of their discontinuous structures.) As shown in Figure 8 , the width of nanowires increased rapidly before 24 h and then began to slow down. Specifically, the width increased about three times from 6 to 24 h, but grew only about 8% from 48 to 96 h. The maximum length, however, increased from the beginning. When the time approached 96 h, the maximum length of the nanowire still increased significantly, while the width varied very slowly. This trend may be ascribed to the interconnection of discontinuous segments of nanowires along the same DNA template as incubation time increased.
The underlying mechanism of forming thick and highly dense CdS nanowires can be explained with a three-step growing process. Similar to the metallization of DNA, 44 to form CdS nuclei on the DNA backbone. The third step is the controlled and continuous growth of CdS nuclei along the DNA during incubation and, eventually, the formation of thick and highly dense CdS nanowires. Note that because PDMS is inactive to polar CdS nanoparticles due to its insert and hydrophobic surface, the dispersed CdS nanoparticles in solution are consequently confined and deposited only on DNA or CdS-DNA to form the dense CdS nanowires, while the formation of parasitic nanoparticles on the surface can be avoided.
Conclusion
In summary, a simple, reliable, and effective PDMS transfer method has been proposed to fabricate highly dense and wellaligned CdS nanowires on silica substrates using DNA templates and a PDMS sheet. We have demonstrated that size and morphology can be easily controlled by adjusting the incubation time. The maximum length and average width of the nanowires can reach over 10 µm and 73.8 nm, respectively. The method can also minimize the parasitic nanoparticles on the substrate dramatically. The thick and well-aligned CdS nanowires fabricated by this proposed method is promising for wide applications in nanophotoelectronics and nanodevices, while the optical and electrical characteristics of the nanowires will be investigated in further work.
